This review examines the 'Quiet Embryo Hypothesis' which proposes that viable preimplantation embryos operate at metabolite or nutrient turnover rates distributed within lower ranges than those of their less viable counterparts. The 'quieter' metabolism consistent with this hypothesis is considered in terms of (i) 'functional' quietness; the contrasting levels of intrinsic metabolic activity in different cell types as a consequence of their specialized functions, (ii) inter-individual embryo/cell differences in metabolism and (iii) loss of quietness in response to environmental stress. Data are reviewed which indicate that gametes and early embryos function in vivo at a lower temperature than core body temperature, which could encourage the expression of a quiet metabolism. We call for research to determine the optimum temperature for mammalian gamete/embryo culture. The review concludes by examining the key role of reactive oxygen species, which can induce molecular damage, trigger a cellular stress response and lead to a loss of quietness.
Introduction
The 'quiet embryo hypothesis' proposed that viable embryos have a 'quieter' metabolism than those which arrest (Leese, 2002) . The term 'quiet' embryo was chosen as it reflects the range of metabolic activity consistent with a viable phenotype. The hypothesis was based on data largely derived from experiments on the net depletion or release of nutrients, such as pyruvate, glucose, lactate and amino acids, and on oxygen consumption, by mouse and human embryos, as well as on data from studies of somatic cells. In a development of the hypothesis, it was proposed that stochastic events and environmental stresses determine whether a zygote will develop . Extrinsic noise can be influenced by environmental stresses that increase the heterogeneity of the cell population, e.g. nucleic acid damage and heat shock, and this heterogeneity can be inherited by daughter cells. For example, disproportionate inheritance of mitochondria has been observed in cleavage stage human embryos, which can lead to a daughter cell with reduced ATP generating capacity and developmental competence (van Blerkom et al., 2000) . In a viable embryo, the genome, transcriptome and proteome are not overly compromised and will support development. This leads to a situation whereby less oxygen and nutrients need to be consumed. In contrast, less viable embryos have more molecular/cellular damage or are less well equipped at the transcriptome and proteome levels to cope with damage present. Such cells may attempt to carry out repair and/or resort to rescue strategies or undergo apoptosis with the consumption of a greater quantity of nutrients, reflected as a more 'active' metabolism. Two more propositions were made on the basis of data on livestock embryos : (i) the concept of quiet metabolism may be applied to the response of embryos to stress, as well as to their basal metabolism and (ii) the hypothesis can be extended to the embryos of mammals generally.
In this paper, we explore these concepts in more detail and introduce a further category of 'quietness' which we have termed 'functional', to account for the contrasting levels of intrinsic metabolic activity in different cell types and tissues as a consequence of their specialized functions. Each 'category of quietness' will be considered in turn, using the examples in Table I . We also speculate on the key role of reactive oxygen species (ROS) in triggering molecular/cellular damage leading to an active metabolic phenotype.
Functional quietness: metabolic activity as a consequence of specialized function Cleavage stage embryos are quieter than blastocysts
The early, cleavage stages of preimplantation development are relatively quiescent metabolically with ATP production sustained by the (Leese, 1991; Leese, 2003) , a process that can broadly be estimated by measuring oxygen consumption. During this period, DNA replication and cell division occur but there is no overall increase in cellular volume or mass (Turner et al., 1992) such that the energy needs of the embryo are relatively low. By limiting oxygen consumption during early cleavage, embryos may also minimize ROS formation, especially during activation of the zygotic genome which begins at the 4-8-cell stage in the human. (For more detailed discussion of the influence of oxygen tension during preimplantation development, see Harvey et al., 2004 Harvey et al., , 2007a .
With the onset of morula formation (compaction) and during blastocyst formation (cavitation), energy demands, measured in terms of oxygen and nutrient consumption, increase dramatically due largely to two processes: (i) the pumping of sodium ions by the Na þ ,K þ ATPase transport system located in the trophectoderm (TE) which leads to the formation of the blastocoel cavity and (ii) protein synthesis as the embryo initiates net growth for the first time. A feature of nutrient uptake by the blastocyst is the increased consumption of glucose, a high proportion of which is converted to lactate (Hardy et al., 1989; Conaghan et al., 1993) . It has been proposed that increased glycolysis may prepare the embryo for the hypoxic environment it will encounter at implantation (Leese, 1989) . While the ability to generate ATP by this means is undoubtedly critical, we would like to emphasize that the glycolytic pathway is an inefficient means of generating ATP (relative yield: 2 ATPs per glucose versus 32 ATPs for complete oxidation) and that the overall contribution of 'aerobic glycolysis' to ATP biosynthesis at the blastocyst stage is therefore small as our data for pig preimplantation embryos illustrate (Sturmey and Leese, 2003) (Fig. 1) .
Cells of the inner cell mass are quieter than the TE
The inner cell mass (ICM) is quieter metabolically than the TE in mouse (Houghton, 2006) . TE cells, which comprise a transporting epithelium, are responsible for creating the environment within the blastocoel, consume more oxygen and nutrients and appear to have more mitochondria (as assessed semi-quantitatively by retention of Mitotracker Green) than those of the ICM which has a more glycolytic metabolism than the TE in mouse (Hewitson and Leese, 1993) . The quiescence shown by the ICM may reflect pluripotency (Houghton, 2006) . There are numerous biochemical and molecular regulators of oxygen consumption: energy substrate supply, redox status, ADP/ ATP ratio, mitochondrial abundance, and localization and differential expression of oxygen-regulated genes (Harvey et al., 2004 (Harvey et al., , 2007b . Downstream regulation may be mediated by the signalling agent nitric oxide, which inhibits mitochondrial cytochrome oxidase and oxygen consumption in mouse blastocysts (Manser et al., 2004) .
Metabolic rate is reduced in embryonic diapause
In embryonic diapause, also known as delayed implantation, the early embryo is arrested at the blastocyst stage; cell division, development and blastocyst expansion cease or are very considerably reduced and there is down-regulation of metabolism (Spindler et al., 1996; Renfree and Shaw, 2000; Lambert et al., 2001; Renfree, 2006) . After a period in diapause, which may last up to 11 months in some species, the blastocyst is reactivated and resumes development. The biochemical mechanisms involved in this particularly intriguing example of quiet metabolism are relatively little understood though are now beginning to attract the attention they deserve (Hondo and Stewart, 2005) . As well as its physiological and evolutionary significance, 'embryonic diapause provides a wonderful system for understanding the control of early embryonic development' (Renfree, 2006) .
Inter-individual embryo/cell differences in quietness: differences in metabolic activity between individual embryos or between the blastomeres of a given embryo
The relationship between 'quiet metabolism' of individual embryos and their subsequent viability, i.e. the capacity to form blastocysts in vitro and pregnancies in vivo, has been considered elsewhere (Leese, 2002; Baumann et al., 2007; Leese et al., 2007) . This concept arose from data on the metabolism of individual embryos as opposed to those cultured in groups. The group-culture approach adopted historically was invaluable in establishing the general picture of early embryo metabolism but masked the considerable variation within and between cohorts of embryos. By measuring single embryos, we have been able to examine the heterogeneity within these data, and since most of our assays are non-invasive, to relate the values to embryo developmental capacity. Predictably, in embryos from inbred mice, heterogeneity in metabolic activity is very small since the vast majority of such embryos exhibit high developmental competence in line with their high genetic homogeneity; in contrast, human embryos vary greatly in genetic background and, not surprisingly, exhibit high heterogeneity in metabolic and developmental capacity. The embryos of farm animal species such as the cow, Are quiet ICM cells more likely to form stem cells?
The ICM of the blastocyst contains the pluripotent embryo stem cell population, from which embryonic stem (ES) cell lines can be derived. As pointed out above, ICM cells have a lower or 'quieter' consumption of O 2 and a more glycolytic energy metabolism, which is less reliant on O 2 availability, compared with their differentiated counterparts in the TE. Animal embryos form blastocysts successfully in low (5%) O 2 and, in the case of the bovine, produce more ICM cells under these conditions. Similarly, although human ES cell lines grow well in either hypoxic (3-5% O 2 ) conditions or in air (21% O 2 ), spontaneous loss of pluripotency, i.e. differentiation, as measured by loss of expression of the pluripotency marker Oct4, is reduced under hypoxia (Ezashi et al., 2005) . These data suggest that culture under conditions which promote a lower level of energy metabolism and/ or oxidative metabolism may be important for developing and maintaining the pluripotent cell state. Alternatively, hypoxia may maintain the pluripotent state directly via up-regulation of hypoxia-inducible factor (HIF2a) which binds directly to the Oct4 promoter and up-regulates its expression (Simon and Keith, 2008 Are quiet blastomeres less likely to undergo apoptosis?
There are cell biological consequences of 'quiet' and 'active' metabolism. The best candidate, and most studied, is apoptosis since this occurs alongside cell proliferation and may be essential in removing damaged cells from the embryo and ensuring an appropriate number and ratio of cells in the ICM and TE of the blastocyst; critical for subsequent embryo survival (Byrne et al., 1999) . Apoptosis first occurs in preimplantation development at around the time the embryonic genome is activated (1-2-cell stage in mouse, 4-8-cell in human) and then at the blastocyst stage, where it is targeted primarily to the ICM cells. Embryos produced or cultured in vitro, in conditions which may favour non-quiet metabolism, i.e. 21% O 2 or high concentrations of energy substrates, generally undergo more apoptosis at an earlier stage of development and contain more apoptotic cells at the blastocyst stage compared with their in vivo-derived counterparts (Brison and Schultz, 1997; Brison, 2000; Byrne et al., 1999; Jurisicova and Acton, 2004) . In terms of biochemical mechanisms, there are well-defined links between energy metabolism and apoptosis. For example, phosphatidylinositol 3-kinase (PI3K)-activation by growth factors promotes glucose consumption and inhibits apoptosis; conversely, inhibition of the PI3K pathway leads to induction of apoptosis (Robey and Hay, 2005; Riley et al., 2006) . Thus, glucose starvation stimulates apoptosis while paradoxically glucose at hyperglycaemic concentrations has a similar effect, due in this case to high glucose down-regulation of GLUT1 transporter protein (Moley et al., 1998) and reduced glucose uptake. Moreover, high, un-regulated oxidative metabolism leading to excess ROS is likely to increase DNA damage, reflected in elevated levels of apoptosis. This evidence Figure 1 : ATP production by in vitro-derived porcine embryos calculated from lactate production and oxygen consumption.
There is a characteristic shift in the metabolic profile of early porcine embryos, with an increase in the amount of ATP produced but the relative contribution from glycolysis is minimal. The methods used in generating these data are described in Sturmey and Leese (2003) .
suggests that metabolic perturbations induce dysregulation of apoptosis in early embryos; an effect exacerbated by ROS-induced DNA damage. We therefore propose that appropriate regulation of apoptosis is a further component of the quiet metabolism phenotype.
Loss of quietness in response to environmental stress
The metabolism of early embryos may be up-regulated in response to different environments ). For example: (i) The female reproductive tract is likely to promote quietness while the in vitro environment induces a more active metabolism. Of particular interest is the transition, from the in vivo environment to the in vitro.
(ii) Up-regulation may follow enrichment of the periconceptual environment as a result of a high plane of maternal feeding. (iii) The addition of serum and ammonium to culture media may promote an active metabolism. (iv) Elevated plasma ammonium following urea feeding tends to up-regulate metabolism in ruminants. (v) Up-regulation is often associated with accelerated or precocious development. (vi) Up-regulation may follow culture at oxygen concentrations above those present physiologically (e.g. under air (20% O 2 ) versus 1-5% O 2 in the female reproductive tract). In considering these examples, it is clear that oocytes and embryos are not shielded from effects of maternal diet, human body mass index, or in the case of livestock, body condition parameters, and can suffer severely from the impact of such environmental perturbations. Such effects can be a function of heat stress, endocrine status and toxic by-products, such as ammonia in ruminants (McEvoy et al., 1997) .
Animal studies have shown that the consequences can be as severe as embryo loss and that surviving embryos exposed to sub-optimal conditions may be susceptible to longer-term effects which extend to adulthood and even the next generation. As a response to the various stimuli, some of the resultant phenotypes exhibit up-regulated (active) metabolism which restores their normal developmental trajectory. In contrast, aberrations may arise, for example, through influences on imprinted genes, whereby up-regulated metabolism is sufficiently severe or persists long enough to interfere with normal development. Even so, and reflecting its remarkable resilience, the mammalian embryo is capable of normal development when culture conditions favour quiet metabolism, for example, minimal exposure to adverse stimuli such as excessive ROS, ammonia, heavy metal ions and other stressors. The challenge is therefore to devise culture conditions which expose early embryos to the minimum of stress. Of emerging systems, microfluidics technologies seem to offer a good prospect of achieving this.
Culture of gametes and embryos at core body temperature may lead to loss of quietness It is well known that sperm develop at a temperature 1-28C or more below core body temperature and that heat stress impairs spermatogenesis and semen quality. What is less appreciated is that the temperature within the ovarian follicle is also 1.5-28C cooler than deep body temperature: by 1.48C in rabbit (Grinsted et al., 1980) , 2.48C in pig (Hunter and Nichol, 1986 ) and up to 2.38C in women (Grinsted et al., 1985) . Hunter et al. (2006) elegantly illustrate this phenomenon in thermographic images of pig ovarian follicles and the surrounding stroma. For summaries of this work, see Einer-Jensen and Hunter (2005) Einer-Jensen and Hunter (2006) and Ye et al. (2007) . Moreover, there is a temperature gradient along the Fallopian tube (David et al., 1971; Hunter and Nichol, 1986 ). Thus, Hunter and Nichol (1986) found in the pig that the pre-ovulatory isthmus was 0.438C cooler than the ampulla (range 0.2-0.7), a difference which increased to 0.698C (range 0.2-1.6) following mating. A similar pattern was reported for rabbit oviducts by Bahat et al. (2005) who found a temperature difference between the isthmus (the site of sperm storage) and ampulla (the site of fertilization) of 0.88C preovulation, increasing to 1.68C post-ovulation. The differences between these values for the rabbit and rectal temperature (388C) were 23.1 and 22.08C for isthmus and ampulla, respectively. The reduced temperature in the isthmus might have a role in maintaining sperm in a quiescent state during storage, prior to hyperactivation at fertilization in the ampulla. It has also been speculated that sperm can sense these gradients and thereby be guided from the site of storage to that of fertilization (Bahat et al., 2003; Eisenbach and Giojalas, 2006) .
In addition to the potential significance of these temperature differences for sperm function, it is tempting to propose that they could have a role in promoting functional quiet metabolism in the oocyte and early embryo. The increase or decrease in the rate of most chemical processes in response to a 108C change in temperature, i.e. the 'Q10', is between 2-and 3-fold. There are no data on the temperature within the human Fallopian tube with respect to core body temperature, but it seems reasonable to expect a gradient and therefore to assume a value similar to that in other species (Eisenbach and Giojalas, 2006) . On a conservative estimate, this gives a value postovulation 1.58C cooler than deep body temperature. If this is the case, then the metabolism of human oocytes and early human embryos will be 15% lower than that measured at normal body temperature (378C), or well within the range being considered for 'quiet metabolism'. This raises the question as to whether human IVF and related procedures should be carried out, at, say, 35.5-368C rather than at 378C. In this context, one of us (McEvoy et al., 2000) suggested that 'One feature of in vitro maturation technology that is out of step with the in vivo reality is the incubation temperature employed; this has conventionally been set to reflect the animal's core body temperature but it is now known that, in the cow and pig for example, the temperature of the maturing oocyte's follicular environment in the ovary is 2-38C lower' (Grondahl et al., 1996; Hunter et al., 1997) . In preliminary experiments (Sturmey et al., unpublished) , we have found that when bovine blastocysts are grown at a lowered temperature (378C as opposed to the conventional 398C) metabolic activity, in terms of amino acid consumption and production, is reduced, consistent with a quiet metabolism, while blastocyst rates remain largely unchanged. We are currently pursuing these potentially significant observations and urge others to do the same. We consider it is important to characterize these effects in animal embryos and spare human embryos before contemplating reducing the incubation temperature in clinical IVF. Useful markers for temperature effects on gametes and early embryos may derive from the valuable work of Hansen's group on the effects of heat stress on embryonic survival (Hansen, 2007) .
Reactive oxygen species: a trigger and consequence of lack of metabolic quietness?
Reactive oxygen species are an unavoidable by-product of oxidative phosphorylation resulting from in situ leakage from the mitochondrial electron transport chain (Burton et al., 2003) . Due to the presence of an unpaired electron (Halliwell and Gutteridge, 2007) , these molecules can damage cellular components including nucleic acids, proteins and membranes. By maintaining a quiet aerobic metabolism, the generation of excess ROS may be minimized. Baumann et al. (2007) put forward a catalogue of molecular components, damage to which would require the activation of repair mechanisms in oocytes and early embryos and an increase in metabolic activity, i.e. loss of quietness. Nucleic acids are key components in many cellular processes and are easily damaged by ROS. DNA and RNA damage can take the form of lesions or strand breaks (SBs). Lesions are an alteration to the chemical and/or physical structure of the DNA or RNA at the base level as a result of reactions between the bases and exogenous chemicals and agents.
The presence of modified bases can lead to point mutations or physical distortion in the DNA helix, preventing transcription and/or replication. ROS are a common cause of DNA lesions typically reacting with purines to generate 8-oxoguanine, the most abundant lesion in DNA (Poulsen, 2005) and 2-oxoadenine. SBs are physical breaks in the DNA and can take two forms; those present in one strand of the DNA (single-strand break), or in both strands (double-strand breaks, DSB). The presence of a single DSB is sufficient to trigger cell death. The ability to cope with DNA damage is vital for the normal functioning of cells and with regard to the early embryo, Johnson and Nasr-Esfhani (1994) argued persuasively that ROS-induced damage could, in part, be responsible for impaired development of preimplantation embryos in vitro. The pathways and strategies to cope with DNA damage in the early embryo are reviewed by Jaroudi and SenGupta (2007) .
Unfiltered radiation, temperature extremes and ROS can also induce RNA damage in a cell. This affects the integrity of both mRNA and the translation machinery. Protein synthesis is regulated at all stages: initiation, elongation and termination. In fact, synthesis is reprogrammed during cell stress, primarily through translational silencing at the initiation stage (Yamasaki and Anderson, 2008) . This is important in the early embryo prior to genome activation as this reprogramming can conserve anabolism, preserve essential mRNAs and promote the repair of molecular damage.
In recent work, we have shown for the blastocysts of three species; bovine, porcine and human that the profile of amino acid depletion/ appearance measured non-invasively, correlates with total DNA damage measured in individual blastomeres using a modified Comet assay; those embryos with the highest DNA damage are the most active metabolically (Sturmey et al., 2008) . It is unclear whether the elevated level of DNA damage in metabolically active embryos arises as a result of up-regulated metabolism, or whether the presence of significant levels of DNA damage drives an increase in nutrient turnover to fuel repair processes or initiate apoptosis. It is hoped that the framework provided by the quiet embryo hypothesis will promote the search for answers to these and related questions.
